Abstract: New manufacturing control paradigms are being developed to improve the ability of enterprises to respond to change more effectively. However, there are no agreed definitions and methodologies for the evaluation and comparison of achievements of different manufacturing control systems approaches, making also difficult the communication and cooperation between manufacturing control systems developers. In this paper some qualitative performance indicators are identified and defined -re-configurability, robustness and agility -and methodologies for their evaluation are suggested.
INTRODUCTION
Enterprises always look for profit, through more productivity, more quality, more flexibility, more agility and better adaptation to unexpected disturbances. In the emerging global economy, where the demand for mass customised products puts new requirements in terms of the ability of enterprises to respond to change, the steady state analysis is becoming less important, while dynamic response is becoming a key issue in the design of new manufacturing systems, with large impact at all levels, both technical and socio-economical.
Several manufacturing control architectures using emergent paradigms and technologies, such as holonic manufacturing systems, have been proposed (see (JASS, 2001) and (Deen, 2003) for more details about some existing holonic work in the area). One of the holonic architectures proposed is the ADACOR (Adaptive Holonic Control Architecture for Distributed Manufacturing Systems) architecture (Leitão and Restivo, 2002) , which addresses the need for the agile and fast reaction to disturbances at the distributed shop floor level, increasing the agility and flexibility of an enterprise, when it works in volatile environments, characterised by the frequent occurrence of unexpected disturbances (more details about ADACOR architecture can be found in .
The analysis and evaluation of the dynamic behaviour of manufacturing systems requires the definition of a methodology to allow the analysis of manufacturing control system properties, the evaluation of its performance, and the comparison between different control approaches. In spite of some research in the area, such as the described in (Cavalieri et. al, 1999) and other within the working group Benchmarking and Performance Measures (SIG4) belonging to the Intelligent Manufacturing Systems -Network of Excellence 1 , one draw back in the validation of manufacturing control systems is the missing of a standard benchmark framework that allows to compare the dynamic performance of the several control systems.
The traditional performance measurement systems evaluate quantitative indicators directly related to production parameters: throughput, number of delayed orders, WIP, manufacturing lead time, etc.
The problem is how to evaluate the performance of the systems in the presence of unexpected changes. Here, performance indicators may be of a qualitative nature, since they usually reflect subjective views of the expected behaviour of the systems in those circumstances.
In this paper, the problem is analysed, and some qualitative performance indicators are identified and defined -re-configurability, robustness and agilityand methodologies for their evaluation are suggested.
PERFORMANCE MEASUREMENT IN MANUFACTURING CONTROL SYSTEMS
The assessment, evaluation and comparison of achievements of different manufacturing control systems, and the cooperation between manufacturing control systems developers to improve their solutions, require the definition of appropriate performance measurement frameworks.
Performance measurement is the process of using a tool or a procedure to evaluate a concrete efficiency parameter of the system. As an example, a common way of evaluating a car engine performance is to calculate the kilometres per litre ratio, i.e. the ratio of the number of kilometres driven to the number of litres of petrol consumed. The term measurement implies that the approach being used is rigorous, systematic and quantifiable.
A performance measurement procedure must be objective, based on scientific evidence and must not affect or distort results. In developing a performance indicator, it must be tested to ensure that it is reliable (i.e. the use of the procedure results in the same reading regardless of who does the measuring or when and where the measurement is taken), valid (i.e. the procedure measures what is intended) and standardised (i.e. definitions of standards, data elements, data collection, and data analysis are sufficiently precise and comprehensible that they can be understood and applied in the same way regardless of who refers to or applies them).
Performance measurement results describe an observed level of performance (such as throughput rate or number of industrial accidents per year) allowing to analyse the performance of a system and to compare the performance of different systems 2 , but they don't tell why the performance is as it is. Results may not reveal which factors account for differences in measured levels of performance.
Traditionally, performance measurement approaches used to have a scope focused in the financial aspects. (Neely, 1999) identified that the reasons why these types of measures are criticised is because they:
− encourage short-termism and local optimisation; − lack strategic focus and fail to provide data on quality, responsiveness and flexibility; − do not encourage continuous improvement.
In the manufacturing context, the performance parameters can be classified as qualitative or quantitative. The quantitative measures are based on different production performance indicators, such as the manufacturing lead time, the tardiness, the waiting time, the throughput, number of delayed orders and the WIP. The qualitative measures are of a more subjective nature and reflect properties of the manufacturing control solution, such as the agility, flexibility and robustness, which cannot be directly obtained from the production data.
The choice of the performance indicators depends on the business domain and the objective of its use. For some applications the throughput is the major performance indicator, but in other circumstances the robustness or service quality can be the focus of the performance measurement.
A broad number of performance measurement systems (PMSs) has been proposed and in some cases deployed in practice, using indicators more relevant to the manufacturing area and that can be used to drive the production process. Some of the most widely cited PMSs are: the Balanced Scorecard (Kaplan and Norton, 1996) , the Performance Measurement Matrix (Keegan et al., 1989) , and the Integrated Dynamic Performance Measurement System (Ghalayini and Noble, 1996) . These approaches present some disadvantages, some of them identified by (Bititci et al, 2002) :
− most of the performance systems are historical and static, and do not reflect the dynamic aspects associated to the manufacturing changes; − only few performance measurement systems have an IT infrastructure, which leads to cumbersome and time-consuming data collection and reporting; − these approaches focus in the performance measurement of the manufacturing system, and not in the associated control system.
Since the scope of this paper is the manufacturing control system, our intention is the definition of suitable set of performance indicators addressing the dynamic and qualitative aspects of a manufacturing control system. In these circumstances, the authors propose a methodology to evaluate the performance of manufacturing control applications, which comprises the following main steps:
− Identification of a set of performance indicators adequate to manufacturing control. − Definition of each identified performance indicator. − Definition of a procedure to measure each performance indicator.
In the following sections, the proposed methodology will be exemplified by identifying some performance indicators to measure qualitative aspects of manufacturing control systems, and defining procedures to measure those indicators. Finally, a procedure to calculate the overall performance of a manufacturing control system, allowing to rank different systems, is suggested.
MEASURING THE DYNAMIC PERFORMANCE INDICATORS
The parameters associated to the dynamic behaviour of a manufacturing system, such as the capability to support the introduction of a new product in the factory plant or to react properly to the occurrence of a machine breakdown, have considerable importance in the performance of a manufacturing system. However, in performance measurement research, little attention has been devoted to the system dynamics, especially to the quantification of these parameters.
An important aspect when dealing with the occurrence of disturbances is the response effectiveness. In our opinion, the parameters more suitable to assess this effectiveness are: reconfigurability, agility and robustness. These major key parameters in the analysis of the dynamic response are difficult to measure presenting a certain degree of subjectivity in their analysis. In the following, these parameters will be defined and methodologies for there measurement will be proposed.
Re-configurability
Flexibility is related to the capability of the manufacturing system and its control system to support the production change when the consumption or demand changes, and the capability of reconfiguration in the case of malfunctions of some resources.
Several flexibility classifications, as discussed by (Gerwin, 1993; Browne et al., 1984) , are available in literature, identifying different types of flexibility, such as mix, changeover, volume, product and sequencing. The mix flexibility is concerned with the capability of a system to handle a range of products or variants, supported by the execution of fast set-ups in the process. The changeover flexibility is the capability to change quickly the production system in order to be able to offer new products. The volume flexibility is the capability to deal with production volume variability, facing the demand. The product flexibility is the capability to modify rapidly the product at design level. The sequencing flexibility is the capability to support alternative sequences for the production plan execution by using resources that have capability to execute different operations, organised in a proper way.
In spite of the little attention that has been devoted to the measurement of flexibility of manufacturing systems and their associated control systems, some authors have approached the issue. As an example, (Ibarrondo and Mercader, 2001 ) presents an approach to measure the volume and mix flexibility (the aggregation of these types of flexibility is designated by operational flexibility) based in measuring the minimal and maximum capacity of the system, and (Tsourveloudis, 1998) presents a fuzzy logic framework to measure several types of flexibility: machine, routing, material handling system, product, operation, process, volume, expansion and labour flexibilities.
None of these types of flexibility is the focus of our work, since we are looking for the flexibility associated to the control system, which we defined as re-configurability.
The re-configurability of the control system is the ability to support different manufacturing system configurations, i.e. different production systems scenarios, with a small customisation effort.
We assume that there are two dimensions on the effort, the quality and the quantity of the effort, and that these two values can be measured/estimated for a certain of previsible scenarios. The measures to determine the re-configurability of the control system are of two different types: degree of complexity of the customisation and development time for the customisation.
The degree of complexity parameter is a subjective parameter that can be evaluated in a relative way and expressed in a scale from 0 to 100 percent, through questionnaires to the software developers and manufacturing system engineers. The development time can be measured counting the time spent when customising the application, or estimated by experts. As these two parameters are highly subjective and not quantifiable for a given set of scenarios, the authors propose a fuzzy approach to this question, reflecting this qualitative nature.
The degree of complexity can be fuzzified into the fuzzy set {Low, Medium, High}. Each one of the previous terms is a fuzzy variable defined on the base variable. Since a fuzzy set A is a collection of ordered pairs A={ (x,µ(x) )}, where the item x belongs to the universe and µ (x) is its grade of membership in A, it is necessary to define the membership functions for each fuzzy variable. In case of the degree of complexity fuzzy variable the membership functions are illustrated in Fig. 1 . The membership function of {Low} and {High} fuzzy sets use a trapezoidal function type and the membership function of {Medium} fuzzy set uses a triangular function type. The use of triangular and trapezoidal functions type is the simplest way to define membership functions, but they not conduct to a smooth surface in the output parameter. The use of a Gaussian type function allows smoothness in the output parameter.
The development time parameter can also be fuzzyfied applying a similar procedure, and represented in terms of the fuzzy set {Low, Medium, High}. The re-configurability parameter is also expressed in terms of the fuzzy set {Low, Medium, High}. The fuzzy inference process is based in a fuzzy rule base. The reconfigurability fuzzy variable is determined according to fuzzy rules, such as those expressed in the Table 1 .
Robustness
The robustness of a control system is the capability to remain working correctly and relatively stable, even in presence of disturbances.
A robustness performance measurement procedure should measure how a system reacts to possible erroneous inputs or environmental factors that could affect the system. Ideally, it is necessary to exercise the system with all possible errors, to guarantee an absolutely robust system. However, in reality, it is not possible to simulate all possible natural errors that can occur in the system (and verifying the system operation and waiting for the occurrence of errors that occur infrequently is too time consuming).
Until now, there has been no effective approach to the quantitative measure of the robustness of a manufacturing control system. Here, a simple and repeatable way to measure the manufacturing control system robustness is introduced.
The robustness performance measurement procedure will give a relative measure of robustness, having not a quantitative value. The procedure to measure the robustness comprises the introduction of possible errors (as many as possible) and the verification if the control system remains working correctly. T7: Test the graphical interface by clicking on the buttons and introducing inputs value with different data types (for example, inputing a string in a date field). The system remains stable?
T8: Introduce the occurrence of machine breakdowns. The system react to it? T9: Introduce configuration files for a holon not respecting the XML format define for the configuration file. The system remains stable?
T10:
Include a data type error in the configuration file (for example, introducing a string value in the field related to the estimated processing time). The system remains stable?
T11: Remove all possible resources to execute an operation. The system remains stable?
T12:
In this case, the system is able to continue the resource allocation process (for example, waiting a certain time and announcing again the execution of the operation)?
T13: Send messages to the holons with no understandable contents. The system remains stable?
T14: Introduce one rush order. The system respond to it?
T15: Increase the number of production orders. The system (schedulers) remains stable?
T16: Plug in a new scheduling algorithm (or at least change the scheduling heuristic rule). The system remains stable? , where nP is the number of tests passed and nT is the total number of tests.
As an example, a manufacturing control system application that fulfils only 10 what-if tests, has a score of 50%.
The best set of what-if questions is an open issue.

Agility
The agility of a control system measures its capability to react in a short period of time to the occurrence of unexpected disturbances. Thus, the agility is a time-based property, related to the time needed by the system to recover from the occurrence of the disturbance.
Agility is dependent of the manufacturing system flexibility, especially the routing flexibility, since it is only possible to react with agility to the occurrence of disturbances if exists capacity and alternative resources in the manufacturing system. Thus, a system has low agility in case of low routing flexibility.
The proposed approach introduces the concepts of frequency and duration of the disturbances to quantify the control system agility. Fig. 3 illustrates the evolution of the throughput over the time. This evolution is affected with the occurrence of disturbances. The Dirac's impulse in the disturbance graph represents the occurrence of a disturbance, which degrades the performance criteria, illustrated by the decrease of the throughput value. The parameter ta is the required time spent by the system to adapt to the disturbance. This parameter is measured between the occurrence of the disturbance and the time when the system achieves a certain percentage of the initial throughput. A good indicator of this percentage is based in the time constant of RL and RC circuits, which is given by (1-1/e).
The parameter ta is a statistical value, calculated by determining the mean value of ta i , the control system being more agile as smaller the ta parameter is. It is measured in time units per disturbance.
The agility could also be expressed in terms of the maximum number of disturbances that can be handled per time unit, which is given by the inverse of ta. It measures the maximum number of disturbances per time unit which do not degrade the system performance below a certain level.
The measurement of agility using the previous approach requires the periodic measurement of an appropriate performance criterium, such as the throughput or the amount of processed material.
EVALUATION OF OVERALL SYSTEM PERFORMANCE
Manufacturing control systems can be compared according to the performance criteria that they intend to maximise (or minimise), for example comparing the different manufacturing control systems under the throughput or agility point of view. However, to rank them, it is necessary to use a procedure that takes in consideration several performance parameters. In our approach, a spidergram is used to summarise the main performance vectors defined for the evaluation of manufacturing control applications.
Spidergrams, also known by polar or radar charts, are a form of graph that allows a visual comparison between several quantitative or qualitative aspects of a situation, or when charts are drawn for several situations using the same axes (poles). Normally, between three and eight attributes can be plotted on each chart, and the chart becomes difficult to analyse for more than eight axes. Scales for each attribute are arranged radially and the points plotted on each radius are joined to generate a shape that can be visually compared with the same plot for another situation. In the example of Fig. 4 , the performance evaluation is based in six-labelled poles: throughput, predictability, robustness, agility, re-configurability and load distribution. The performance of different manufacturing control solutions is reflected in the shape of the hexagon drawn to link the plotted points. In this example, the solution A presents better robustness and re-configurability than solution B; on the other hand, the solution B presents better throughput and agility than solution A.
Additionally, one of the merits of using a spidergram is that the area occupied by a manufacturing control system´s spidergram prrovides an overall system score (Fletcher et al., 2003) .
Finally, the spidergram provides an excellent way of showing the gap in performance between a given manufacturing control system and a world class one (or the best practice in the domain), by representing both data on the same chart.
CONCLUSIONS
Nowadays, it is becoming more important to evaluate and to compare manufacturing control applications. This is especially true in the analysis of the system performance associated to the transient aspects of the manufacturing system, usually using some qualitative measurement criteria. These are however more difficult to measure and quantify than the quantitative indicators.
This paper defines a procedure to analyse and evaluate manufacturing control systems, taking in consideration the qualitative indicators. Some qualitative indicators were identified and their definitions were clarified: the re-configurability, robustness and agility. Procedures to measure and quantify these performance indicators were proposed: the re-configurability in terms of effort, the agility in terms of time and the robustness in terms of a percentage of what-if conditions fulfilled.
The proposed procedures can be generalised in the future, for example by introducing more general test verifications in the analysis of the robustness.
